This paper describes a method of the remaining life prediction of an aged RC-T girder bridge based on the concrete core test results. The remaining life prediction of the bridge can also be quantitatively estimated by applying the J-BMS with the field inspection data. It needs to be verified through the concrete core specimen tests extracted from some parts on main girders, deck slabs, and bridge piers, such as compressive strength, carbonation depth, chloride ion concentration, and so on. This study is focused on the performance and validation of the deterioration assessment used on concrete cores, which was collected from the target bridge. In this study, data obtained from collected concrete core specimens were examined by chloride ion and carbonation tests. As a result, carbonation is more dominant than the chloride ion on the deterioration process although the bridge is located within 1 km upstream from the mouth of the river pouring into the Seto Inland Sea. The carbonation rate coefficient and the apparent diffusion coefficient of chloride ions were determined, and the remaining life prediction where the main factor of deterioration is carbonation has been found from the concrete core test results. On the estimated cumulative amount steel corrosion (Q) of 75 mg/cm 2 , the remaining life of the bridge is predicted to be approximately 7 years. Also, the localized concrete core test results can be used for an entire span evaluation by visualized distribution results using an approximating function.
Introduction
A lot of effort is now under way to ensure a long life for the existing bridge through the improvement of the structural performance, such as structural safety, remaining life, etc, and management activities based on effective maintenance plans. If the remaining life of an aged bridge is to be maximized, it is necessary to assess the structural performance of the bridge on a regular basis, but making a decision to remove (renewal) an aged bridge is also an option. In order to make such a decision, it is important to make appropriate safety evaluation and remaining life predictions [1, 2, 3] .
The Bridge Management System (J-BMS), which is integrated with a concrete Bridge Rating Expert system (BREX), is one of the many useful methods to predict the remaining life prediction of the existing concrete bridges [4, 5] .BREX is a system designed to evaluate the present performance of a target bridge and outputs the loadcarrying capability and durability of each structure member. The input data for rating the concrete bridge are the technical specifications of a target bridge, environmental conditions, traffic volume, and other subjective information that could be obtained through the result of detailed visual inspection. Evaluation results were thus obtained as the soundness level of the remaining life. An information processing approach like this makes it possible to deal with cases involving a large number of influencing factors. However, the system needs to be verified through the concrete core specimen tests, which were extracted from some parts of a target bridge, such as compressive strength, carbonation depth, and chloride ion content.
This study aimed to evaluate the deterioration process of collected concrete cores extracted from an aged bridge (approximately 70 years old in service) that is being demolished; particularly, a method to predict the remaining life in the case where the main cause of deterioration is carbonation. Furthermore, it can be considered how local evaluation results based on the collected concrete cores tests can be used for the evaluation of the entire span.
Target bridge and research purpose

Target bridge
The investigation was conducted by extracting the collected concrete cores from an aged bridge (called SK Bridge). The SK Bridge had been constructed on the main route of the National Highway No. 2. Carbonation is considered to be the main deterioration factor because of the heavy traffic volume. There is also concern about the possibility of chloride attack because the SK Bridge is located within 1 km upstream from the mouth of the river pouring into the Seto Inland Sea, it can be seen in Fig. 1 . 
Research purpose and significant
The investigation was conducted by extracting the collected concrete cores from an aged bridge (called SK Bridge). The SK Bridge has a total length of 168 m, a width of 11 m, and an eight-span cantilever hinged T-girder's bridge completed in 1942. After about 70 years of service, the demolition of the bridge began in 2013.
This study mainly aimed to evaluate the deterioration factor of the collected concrete cores extracted from the SK Bridge and to develop a method for predicting the remaining life of the bridge in case where the deterioration factor is caused mainly by chloride ions and carbonation.
This study was started by extracting the collected concrete cores from the SK Bridge. Then the collected concrete cores were analysed for the identification of the main deterioration factors, either carbonation or chloride attack. Finally, the remaining life can be predicted by a prediction flow related to the main factor of deterioration. The steps of these flows make it possible to make a clear relationship between the concrete core test results and the evaluation results obtained from the BREX system on the basis of visual inspection results. Based on visual inspection, the rebars have been found to be corroded. The thickness of the concrete cover is approximately 40 mm. Then, it may be possible to open possibilities such as identifying the relationship between local evaluation results obtained by examining the collected concrete cores extracted from the bridge and overall structural evaluation results obtained from the BREX system or to make an effective usage of different evaluation methods for assessment. By expanding the scope of evaluation from local to the entire structure of a bridge, it may also be possible to enhance testing efficiency by reducing the total number of the concrete cores necessary for testing.
Method of concrete core test
Extract of concrete core
In this study, the collected concrete cores were extracted from Girder 1 to Girder 5 of Span 3, which is one of the inspected girder spans. The coring locations are shown in Fig. 2 with black dots (•) and white dots (○). Concrete cores were extracted from four regions roughly demarcated according to cross beam locations in each span. It was assumed, for the purpose of this study, that each core shows the average state of internal deterioration in each coring region [6] .
The concrete cores thus extracted were used for chloride ion content test (C-series: concrete cores identified with • and "C"; 12 specimens) and carbonation and mechanical properties testing (M-series: concrete cores identified with ○ and "M"; 20 specimens).
Core sample examination
Analysis of the chloride ion content
The collected concrete cores of the C-series were analysed for chloride ion content. The collected concrete cores at depths between 0 and 105 mm in depth direction were divided into seven pieces (at 15 mm intervals) and, thus, prepared for the analyses of the chloride ion content. The measurement was conducted in accordance with JIS A 1154: 2003; "Methods of Test for Chloride Ion Content in Hardened Concrete," and the specimens were examined down to the depth at which the initial chloride ion content could be determined. In the test method, the total amount of chloride ions contained in the powder sample is extracted with nitric acid, and its mass rate to the sample was measured. The initial chloride ion and surface chloride ion contents were predicted by curve fitting of the data.
On the basis of the analysis results obtained previously, the apparent diffusion coefficient of chloride ion was calculated from the following equation: where C(x,t) is the chloride ion content in depth x at time t, C 0 is the chloride ion content at the concrete surface, D ap is the apparent diffusion coefficient of the chloride ions, and C i (x,0) is the initial chloride ion content in concrete. The collected concrete cores of the M-series were analysed for carbonation depth. The measurement was conducted in accordance with JIS A 1152: 2011; "Method for Measuring Carbonation Depth of Concrete." The carbonation test is most commonly carried out by spraying 1% phenolphthalein solution on freshly exposed surfaces of concrete girders or on concrete cores. The carbonation depth was assessed using 1% phenolphthalein solution, the indicator that appears pink (or purple) in contact with alkaline concrete. Coloured area detected as an alkaline area, is defined as the healthy concrete area (un-carbonated). Colourless area is defined as the carbonation area. Table 1 summarizes the results related to the chloride ion content of the collected concrete cores (C-series). The surface chloride ion content C 0 , the apparent diffusion coefficient of the chloride ion content D ap , and the initial chloride ion content C i (x,0)are shown in Table 1 , which are unknown parameters corresponding to Eq. (1), were determined by using the respective analysis results obtained from the divided concrete core specimens. The thickness of the concrete cover was approximately 40 mm on average from cross-sectional observation. The analysis results, therefore, obtained from the corresponding depth (30-45 mm) in the collected concrete cores were used as chloride ion contents at the reinforcement locations.
Results of concrete core test
Results of chloride content analysis
The chloride ion content distributions in the collected concrete cores can be classified into three types as shown in Fig. 3 [7, 8] . Table 1 shows the chloride ion content distribution types of different cores corresponding to Fig. 2 . Type (a) is affected by a small chloride ion content and carbonation, type (b) is affected by a large chloride ion content and carbonation, and type (c) is affected only by chloride ion content.
As can be seen from the chloride ion content, distributions shown in Fig. 3 . Eq. (1) is difficult to apply to the types (a) and (b) distributions are shown in Table 1 . Therefore, Table 1 shows the calculated values of C 0 , D ap , and C i (x,0) for only type (c) distribution. Table 2 shows the results of carbonation depth measurement for the collected concrete cores (M-series). The carbonation depth results shown in Table 2 are the averages of the values obtained from 10-point measurements, maximum values, standard deviations, and carbonation rate values corresponding to the averages.
Results of carbonation depth measurement
Identification of main deterioration factors
On the basis of the Standard Specification Design of JSCE, the critical chloride ion content for steel corrosion is assigned by 1.2 kg/m 3 . As shown in Table 1 , the average chloride ion content in the investigated main girders is 0.47 kg/m 3 , which is lower than the critical chloride ion content for steel corrosion (1.2 kg/m 3 ). It can be seen in Table 1 that only 1 of the 12 points on the bridge older than 70 years at which measurements were taken showed a value slightly higher than the critical chloride ion content for steel corrosion. Table 2 shows the result of carbonation depth measurements. As shown in Table 2 , the average value of the carbonation depth in the main girder is 49 mm, which is greater than the thickness of the concrete cover. This means that the requirement of the remaining (un-carbonated) concrete cover (10 mm), which is an indicator of the degree of influence of carbonation, was considerably exceeded. In nearly half of the concrete cores investigated, the maximum value of carbonation depth was reaching 60 mm or greater, which is considerably greater than the concrete cover.
To take the concrete coring environment into consideration, the water samples taken near the SK Bridge (the target bridge) and the estuary were analyzed. This water analysis revealed that the Cl -and the Na + contents of the water near the SK Bridge were lower than those of the seawater in the estuary, and that they were also lower than half the Cl -and Na + contents of the water near KT Bridge [9] , which was deemed to have deteriorated because of chloride attack.
From these results, it was concluded that the deterioration of the SK Bridge was caused mainly by carbonation in view of the fact that the chloride ion contents at the reinforcement locations had not reached the critical chloride ion content for steel corrosion and that the carbonation depth was considerably greater than the thickness of the concrete cover.
Remaining life prediction method through concrete core testing
The concept of remaining life prediction method based on carbonation depth
The remaining life prediction for a concrete structure in the case of section-loss due to steel corrosion is expressed as the number of expected years life as if the section-loss is left uncorrected [10] . Therefore, the remaining life R can be expressed using the life expectancy X (years) and the period of service N (years) as Eq. (2).
Remaining life (R) Life expectancy (X) Period of service (N)
The method for predicting the service life is available for calculation based on allowable stress, remaining reinforcing bar cross-sectional percentage, and limited state design method. In this paper, however, the remaining life was assessed in terms of the progress of deterioration over time due to carbonation, which is a deterioration factor identified in Section 4.3. It is assumed that the deterioration due to carbonation provides an environment that affects factors contributing to corrosion of the reinforcing bar, such as chloride ions and moisture content. Attention is paid on the cumulative amount of steel corrosion due to the spread of carbonation, and the service life of a bridge is deemed to have been exceeded when the cumulative amount of steel corrosion reaches the critical value. The remaining life then was predicted by using Eq. (2). Fig. 4 shows the flowchart of the remaining life prediction method in the cases where deterioration is caused by chloride attack and where it is caused by carbonation (area shown by a dotted line in Fig. 3 ). On the basis of Figure  3 , it can be seen that when the remaining concrete cover is 10 mm or less, it can be recognized that the main deterioration factor is carbonation. In order to predict the life expectancy X in year, it is necessary to have three types of information: carbonation depth, cumulative amount of steel corrosion, and steel corrosion limit as the criterion for determining service life.
The carbonation depth d(t) in mm at time t in year is calculated by using the carbonation rate coefficient A by Eq. (3). The changes in the carbonation depth over time are predicted in accordance with the law, and the carbonation rate coefficient A is calculated from the carbonation depth d(t)at time t by using the following equation:
To estimate steel corrosion, the steel corrosion rate V is calculated as follows: the steel corrosion rate V is calculated by using Eq. (4) if the remaining concrete cover (concrete cover carbonation depth) at time t is greater than 10 mm, or by using Eq. (5) if the remaining concrete cover is not greater than 10 mm [11, 12] . (4) (5) where V (mg/cm 2 /year) is the steel corrosion rate, Cl (kg/m 3 ) is the chloride ion content at the reinforcement location, C (mm) is the remaining concrete cover, W (%) is the surface moisture content of concrete, and k is the correction at temperature tmp ( ), which can be calculated by Eq. (6) as follows: (6) Hence, because the cumulative amount of steel corrosion Q(t) at time t can be expressed by using the steel corrosion rate V(t) at the time t and integration time step dt, it can be calculated by Eq. (7) as follows: (7) where Q(0) can be calculated by Eq. (8) (8) Past studies [1, 9] reported a simple calculation method using the incubation period and a method that defines the cumulative amount of steel corrosion as methods that can be used in the case where the main deterioration factor is chloride ions. In this paper, the remaining life R was calculated from Eq. (2) on the basis of the time t = t 1 elapsed before the cumulative amount of steel corrosion calculated by using Eq. (7) reaches the cumulative amount of steel corrosion Q(t 1 ),at which the service life is assumed to the end.
Remaining life prediction results
It has been reported [13] that the criterion value Q of steel corrosion assumed for the purpose of the remaining life prediction ranges widely from 1 to 576 mg/cm 2 . In the remaining life prediction by the BREX system, deterioration curves are applied to structural soundness scores obtained on the basis of visual inspection results. It has also been reported [1, 14] that in the prediction method by the BREX system, the cumulative amount of steel corrosion in the last year of the predicted remaining life was Q = 75 mg/cm 2 . In this paper, therefore, the remaining life prediction was made both in the case where the criterion value Q CR is defined as the cumulative amount of steel corrosion of Q CR = 10 mg/cm 2 , which is said to be the critical amount of corrosion for initial cracking due to carbonation [15] , and the case where Q CR is defined as the cumulative amount of steel corrosion of Q CR = 75 mg/cm 2 , which is the same as the remaining life indicated by the BREX system in the evaluation of deterioration due to chloride ions shown in Figure 3 . This prediction was made for the eight collected concrete cores (C-series) shown in Table 1 for which the apparent diffusion coefficient of chloride ions was determined. For the carbonation rate, the results for M-series concrete cores extracted from the nearest locations shown in Fig. 1 were used. The values used for concrete cover, tmp in Eq. (6) and W in Eq. (5), were 40 mm, 16 C (mean temperature), and 4% [16, 17] , respectively. Table 3 shows the results of the remaining life prediction. As shown in Table 3 , the time before reaching the critical amount of corrosion for initial cracking due to carbonation [15] is 37.5 years on average, and approximately 40 years later, the cumulative amount of steel corrosion specified as the criterion value indicating the end of the remaining life is reached. Furthermore, the average value of the remaining life prediction of the eight collected concrete cores extracted from the target span (Span 3) is 7.9 years on average, and it can be seen that the remaining life prediction varies between -13 years and 40 years, depending on the coring locations.
Discussion
Influence of the amount of reinforcement corrosion on evaluation results
In the remaining life prediction shown in Table 3 , the cumulative amount of steel corrosion of 75 mg/cm 2 , which is the same as the prediction obtained from the BREX system, was used in the case where the main deterioration factor is chloride attack [1, 14] . However, because the setting value is thought to be important in the remaining life prediction, the degree of influence of the assumed values of the cumulative amount of steel corrosion on the remaining life prediction results for each core was investigated. Table 3 shows the relationship between the assumed values of the cumulative amount of steel corrosion Q and life expectancy X. Hence, the relationship between the remaining life R and the cumulative amount of steel corrosion Q in this study can be represented by Eq. (9) as follows: (9) As it can be seen from Fig. 5 , if the criterion value Q CR is assumed to be 100 mg/cm 2 (10 times the critical amount of corrosion for initial cracking due to carbonation), the average service life is 89 years from Eq. (9); therefore, the remaining life is 19 years. In this case, the remaining life is longer than the results shown in Table 3 by 10 or more years.
If the criterion value Q is assumed to be 50 mg/cm 2 (five times the critical amount of corrosion for initial cracking due to carbonation), the remaining life is -6 years (i.e., a negative value). It is found, therefore, that although the criterion value Q CR was assumed to be 75 mg/cm 2 in Table 3 , it is necessary to consider the value of parameter Q through comparison with the results of the remaining life prediction by the BREX system, taking into consideration the fact that the main deterioration factors may be different.
The remaining life prediction shown in Table 3 is based on measured values obtained by using the collected concrete cores. The moisture content in Eq. (5), however, was assumed to be 4% in view of data such as exposure test results [16, 17] . In the case of a bridge exposed to an environment with tidal action, the moisture content maybe greater than 4%. The influence of the moisture content, therefore, on the remaining life was evaluated.
Life expectancy X at moisture contents W of 4%, 6%, 8%, and10% was calculated for the concrete cores shown in Table 3 . The results are shown in Fig. 5 . The relationship between the remaining life R and the moisture content W in this case was given by Eq. (10) as follows:
(10) Fig. 6 shows that the replacement moisture content W tends to affect the remaining life prediction. It can be seen from Fig. 5 that when the moisture content W is low(approximately 5% or lower), it tends to greatly affect the remaining life. On the other hand, when the moisture content W is high (higher than approximately 5%), its influence on the remaining life is small. It can be concluded, therefore, that it is good practice to measure the moisture content of the concrete surface in advance if the remaining life is to be predicted with higher accuracy than can be achieved through concrete core testing.
Simple method of the remaining life prediction
In Table 3 , let X 0 represent the service life in case where Q is assumed to be 10 mg/cm 2 and let X 1 represent the service life in case where Q is assumed to be 75 mg/cm 2 . The relationship between X 0 and X 1 can be found in Eq. (11) as follows:
From Eq. (11), it can be seen that the service life at Q = 75 mg/cm 2 is 2.1 times the time before the amount of steel corrosion reaches the critical amount of corrosion for initial cracking due to carbonation. The proportionality coefficient in Eq. (11), which varies depending on the cumulative amount of steel corrosion, determined for the remaining life prediction, was 1.7 when Q was 50 mg/cm 2 and 2.4 when Q was 100 mg/cm 2 . This indicates that the method of multiplying the time before the critical amount of corrosion for initial cracking due to carbonation by a coefficient can be used as a simple method of the remaining life prediction. Table 3 Results of remaining life prediction
Proposal of evaluation of entire span based on local evaluation
The remaining life prediction shown in Table 3 is estimated based on local evaluation because it is based on a few number of the concrete core evaluations. In this chapter, we consider how local evaluation results can be used for the evaluation of the entire span [1] .
The remaining life R predicted from Table 3 is expressed as a cubic function of x and y as shown in Eq. (12) for the concrete coring location (x,y) shown in Fig. 1 : (12) Because there are a total of nine unknown coefficients, a-i, these can be obtained by the least-square method. Then this is the numerical expression between the concrete coring locations and the remaining life prediction results. In the equation, x ranges from 0.5 to 4.5 (x=0.5~4.5) from left to right in the longitudinal direction of the bridge, and y is the direction from Girder 1 to Girder 5 (y=1~5).
The remaining life prediction results shown in Table 3 were substituted in Eq. (12) , and the values of the coefficients were determined so that the differences were minimized. The coefficients thus determined were as follows: a = -136, b = -115, c = -29.7, d = -19.7, e = -11.75, f = -5.15, g = -1.52, h = -5.20, and i = 2.41. From the obtained cubic function, the predicted remaining life distribution contours were drawn as shown in Fig. 7 . In Fig 7, a remaining life of -5 years or less is shown in red colored region, and a remaining life of 15 years or more is shown in blue colored region. As shown in Fig. 7 , in all main girders, there are regions with a negative value of the remaining life on the east side. In Girder 1 and Girder 2 located on downstream side, there are regions extending to the middle section of the girder where a negative value of the remaining life is shown. Thus, it has been found that the condition of the entire span of each girder can be visualized. Table 3 shows the predicted (calculated) remaining lives obtained from the approximation formula and the average values that take into account the remaining life distribution obtained by using the approximation formula. These indicate that the approximation results are close to the original prediction results and that the average value (7.8 years) that takes into account the remaining life distribution obtained by use of the approximation formula is close to the simply calculated averages of the concrete core test results shown in Table 3 . Fig. 7 shows the results in the case where the main deterioration factor is carbonation. It can be seen from Table  1 that in the cases shown in Fig. 3(a) and 3(b) , the chloride ion content tends to be high at the reinforcement locations besides under the influence of carbonation. It can be inferred, therefore, that the remaining lives of both Girder 1 and Girder 2, in which there are Type (a) and Type (b) distributions, are shorter than the predicted remaining lives given by the approximation formula shown in Figure 7 .
Hence, it is thought likely that there will be large expenses of red colored regions indicating a remaining life of -5 years or shorter. For a distribution of the type shown in Fig. 3(a) , therefore, the chloride ion contents at the reinforcement locations, where there are no changes over time, were used for Cl in Eq. (5 Fig. 3(b) , the coefficients in Eq. (1) were determined from the chloride ion contents at deeper levels. The remaining life prediction results thus obtained were used in conjunction with the results shown in Table 3 to derive an approximation function. The coefficients determined were as follows: a = -42.6, b = 84.3, c = -27.8, d = -75.1, e = 33.8, f = 3.68, g = -4.24, h = -2.52 and i = 1.83. On the basis of the equation with the coefficients, the remaining life distribution contours shown in Fig. 8 were obtained. The contours thus obtained show remaining lives of both Girder 1 and Girder 2 that are shorter than the results shown in Fig. 7 . In this case, the average of the remaining lives taking into account the distributions obtained by using the approximation formula was 0.7 years.
From this fact, it can be concluded that if the concrete core test results that make it possible to derive an approximation formula, such as Eq. (12), for simulating the predicted remaining life with a certain level of accuracy are available, those results include distribution visualizations such as Fig. 7 and 8 can be used for evaluation of the entire spans.
Conclusions
This study considered a method of predicting the remaining life of an existing bridge based on the deterioration of the collected concrete cores extracted from an aged bridge (about 70 years in service). The results of this study are summarized as follows: 1. The results of chloride ion content distribution and carbonation depth tests of concrete cores extracted from the target bridge have found that carbonation is the main deterioration factor with the presence of corrosion in there-bar of the bridge. 2. From the concrete core tests, the carbonation rate coefficient and coefficient related to the apparent diffusion of chloride ions were determined, and a method of the remaining life prediction of the bridge in case where deterioration is caused mainly by carbonation has been shown. 3. The remaining life is affected by the cumulative amount of steel corrosion (Q), which is used as an end of life indicator. The remaining life prediction made by a cumulative amount of steel corrosion of Q = 75 mg/cm 2 as an end of life indicator showed that the remaining life of the bridge is predicted approximately seven years. 4 . It has been found that the localized concrete core test results can be used for entire span evaluation by visualized distribution results by use of an approximating function.
